Introduction
Acute myocardial ischemia causes an increase in extracellular K + ([K   + ] e ) [1] [2] [3] [4] [5] [6] , decreases in both extracellular pH (pH e ) and intracellular pH [7] [8] [9] [10] , and slowed conduction within the ischemic myocardium [11] [12] [13] [14] [15] [16] . We showed previously that conduction block within the ischemic myocardium is related to the ventricular fibrillation that often occurs during the early phase of myocardial ischemia 17) . A previously reported in vitro study revealed that acidosis exacerbates the conduction slowing that occurs as a result of the increased potassium, with the effect of respiratory acidosis (RA) being greater than that of metabolic acidosis (MA) 18) . We conducted the in-situ study reported herein to clarify the effects of RA and MA on ischemic myocardium in the context of [K + ] e elevation.
Methods Experimental set-up
Twenty mongrel dogs of either sex, weighing 11-27 kg, were used in the study. Care of the animals conformed to the position of the American Heart Association on the use of research animals and in accordance with accepted guidelines for the care and treatment of experimental animals at Nihon University School of Medicine. All 20 animals were anesthetized with sodium pentobarbital (25 mg/kg) and supplemental α-chloralose as needed. Mechanical ventilation and supplemental oxygen were provided by means of an endotracheal tube and Harvard respirator. Arterial blood gases were monitored, and appropriate ventilator adjustments were made for maintenance of arterial PO 2 at > 80 mmHg and arterial pH at 7.35-7.45. Femoral artery and venous catheters were used for monitoring arterial blood pressure (Millar pressure transducer, Millar, Inc. Houston, TX, USA) and for administering fluids and drugs. Core temperature was continuously monitored with a temperature probe (Yellow Springs Instrument Co., Yellow Springs, OH, USA), and body temperature was maintained at 36-37°C with a heating blanket.
The experimental set-up is illustrated in Fig. 1 . The heart was exposed by median sternotomy and suspended in a pericardial cradle. The right atrium was paced at a cycle length of 400 ms with the use of bipolar stainless steel electrodes. A site midway along the left anterior descending coronary artery (LAD) that was free of branches ] e ) and a decrease in extracellular pH (pH e ). We examined the effects of these changes on conduction and the effective refractory period (ERP) during acute myocardial ischemia.
Methods: We inserted K + -sensitive electrodes into the mid-myocardium and bipolar plunge electrodes into the subendocardium and subepicardium of in-situ canine hearts. A unipolar electrode was inserted into the mid-myocardium. The carotid artery was shunted to the LAD through a roller pump, and KCl was infused into the side arm of the shunt. Systematic metabolic acidosis (MA) and respiratory acidosis (RA) were induced in 10 ] e = 9.33 ± 0.63, pH = 6.75 ± 0.20) were both induced, the CT increased further by 50% compared to the control/baseline state. The ERP did not change significantly with regional hyperkalemia or regional hyperkalemia plus RA or MA.
Conclusion: Our data indicate that the fall in pH e that results from myocardial ischemia enhances the conduction slowing induced by the rise in [K was selected for cannulation and dissected from the surrounding tissue. The epicardial margin between perfused by the cannulated artery was identified by brief occlusion of the vessel at this site, and 1-2 K + -sensitive electrodes were placed in the midmyocardium, and 2 Teflon-coated stainless steel bipolar plunge electrodes were placed in the subendocardium and subepicardium at the center of the myocardium perfused by the cannulated artery, defined as the region > 10 mm inside the visible cyanotic border, and in the subendocardium and subepicardium outside of the cyanotic border zone. A Teflon-coated silver unipolar plunge electrode was placed in midmyocardium that was adjacent to the site of bipolar plunge electrode placement and was used to measure the effective refractory period (ERP). An indifferent electrode was placed at the aortic root.
After electrode placement, systemic heparin (a bolus of 5,000 U followed by infusion at 1,000 U/hour) was administered. A carotid artery-to-LAD shunt was created by placing a polyethylene catheter between the right carotid artery and the LAD at a previously selected site. Atrial pacing was used to maintain constant heart rate at 150 bpm throughout the experiment. Aortic pressure and a lead II electrocardiogram (ECG) were recorded by means of a polygraph system (MTI-880T, Fukuda Denshi Co, Tokyo, Japan), projected onto a cathode-ray tube monitor, and monitored continuously. The lead II ECG and bipolar electrograms were recorded on a 3-channel recorder at a paper speed of 200 mm/second (Rapicorder RMV540A, Kyowa Dengyo Co, Tokyo, Japan). Intramyocardial conduction time (CT) was measured as the time difference between subendocardial activation and subepicardial activation. For measurement of the ERP, a premature ventricular stimulus at twice the diastolic threshold and pulse width of 2 ms was delivered after every 10 paced right atrial beats. Stimulus delivery was from a silver unipolar electrode used as the cathode, and the ERP was defined as the longest time interval between the first peak of the subendocardial electrogram deflection and the ventricular pacing spike without ventricular activation. Delivery of the premature ventricular stimuli was decreased successively by 5 ms, and if the premature stimulus failed to pace the ventricle, the interval was increased by 10 ms and then decreased incrementally by 1 ms.
-selective plunge electrodes were fashioned and calibrated as described previously (Fig. 2 ) 19, 20) . Electrodes were calibrated before each experiment in standard solution (3 or 10 mmol/L KCl). Only electrodes with a stable baseline drift (< 1 mV/hour) and 95-105% of the predicted Nernstain slope (56-62 mV shift per decade change in K + activity at room temperature) were used. The in vivo performance of these electrodes was tested by methods described previously 19, 20) . At the end of each experiment, the electrodes were removed from the heart and retested in vitro to confirm stable function throughout the experiment. Direct current electrograms recorded from the K + -selective electrodes were amplified by a custom-made device and recorded on a Rapicorder RMV 540A (Kyowa Dengyo Co.) at 60 mm/minute 20) .
Experimental protocol
No intervention was performed for 30 minutes after placement of the K + -sensitive and bipolar plunge electrodes. A 167-mM solution of KCl was then infused into the side arm of the shunt at a rate adjusted to raise [K + ] e in the myocardium supplied by the shunted blood at a rate and magnitude of change in [K + ] e similar to those seen during myocardial ischemia 16, 20) . In 10 animals, systemic MA was induced by intravenous infusion of 1M NH 4 Cl to produce an arterial pH of 6.6−7.1, a value similar to that recorded in the center of the myocardial ischemic zone in pigs, and in the other 10 animals, systemic RA was induced by introducing CO 2 into the ventilator at 0.5-2.0 L/minute 16) . Thus, 4 different conditions were established 
Statistical analyses
Values are shown as mean ± SD unless otherwise indicated. Differences in the study variables measured under each of the 4 conditions were evaluated in each group by Wilcoxon signed-rank test. All statistical analyses were performed with Stat View 5.0 (SAS Institute, Cary, NC, USA), and P < 0.05 was considered significant.
Results
Values obtained under each of the 4 conditions in each of the 2 study groups are shown in Table 1 ] e plus Acidosis condition was significant (P = 0.0117).
In the RA group, arterial pH fell from a control value of 7.42 ± 0.08 to 6.75 ± 0.20 in the Acidosis condition 
Intramyocardial CT
In the MA group, intramyocardial CT increased from a control value of 15.5 ± 3.3 ms to 18.7 ± 4.1 ms in the 
ERP
In the MA group, the ERP changed very little from a control value of 192. 4 . In a previously reported porcine study, [K + ] e and pHe reached 9-11 mM and 6.7-6.9, respectively after 10 minutes of coronary artery occlusion, and in a previously reported canine study, [K + ] e reached 9 mM after 15 minutes of coronary artery occlusion 16, 20) . . The reason for the increase in CV despite the decrease in dV/ dt max was explained by the decrease in resting membrane potential and threshold potential for depolarization 22) . In our study, intramyocardial CT decreased at a ] e was high 23, 24) . Thus, our results might be explained by a directionally based difference in excitability between ventricular endocardium and ventricular epicardium and also to a difference in their sensitivity . 27, 28) .
Acidosis, CT, and ERP
Regardless of the conditions, we observed little change in intramyocardial CT, regardless of how acidosis was induced. Vorperian et al. showed, in anesthetized dogs, that when arterial pH was reduced to 6.70 ± 0.4 by increasing the fraction of inhaled CO 2 to 40%, epicardial transverse CV fell by 16 ± 8%, whereas epicardial longitudinal CV did not change. In contrast, when the same degree of acidemia was produced by HCl infusion, longitudinal CV fell by 8 ± 7%, coincident with a rise in serum K + 29) . We measured intramyocardial CT from the subendocardium to subendocardium, so it is possible that the discrepant results are due to a directionally based difference in excitability between ventricular endocardium and epicardium, to a difference in sensitivity to acidosis between ventricular endocardium and epicardium, and to the lesser degree of acidosis produced in our study. Kagiyama . Komukai et al. showed, also in patch-clamp experiments, that acidosis decreased steady-state current leading to increased APD and increased inwardly rectifying chloride currents leading to decreased resting membrane potential 31) . Bethell et al. showed, in Langendorff-perfused ferret heart, that MA and RA first lengthened then shortened APD 32) . We did not see a change in the ERP in either the MA or RA condition at a normal [K + ] e level. However, this could be due to the lesser degree of MA established in our animals (arterial pH = 7.17) than in animals in previously reported studies. It could also be due to the balance between inhibition of the transient outward K ] e together with acidosis did not affect the ERP significantly. Kagiyama et al. showed that the conduction slowing induced by acidosis was greater when potassium was 9 mM or 13 mM than when potassium was 5.4 mM because of changes in the resting membrane potential-dV/dt max relation 18) . They also showed an increase in APD in the presence of MA at potassium levels of 9 mM and 13 mM. The discrepancy between the changes in ERP reported by Kagiyama et al. and those we observed may be related to the lesser degree of MA (arterial pH = 7.06) we produced, the directionally based difference in excitability between ventricular endocardium and epicardium, or the difference in sensitivity to acidosis between ventricular endocardium and epicardium 25) . Another possibility is the balance between inhibition of the transient outward K + current and activation of the ATPsensitive K + current established in our animals. Therefore, the effects of acute ischemia on slowing of intraventricular conduction can be mimicked in part by the combined effects of extracellular acidosis and an increase in [K + ] e .
Study limitations
Our findings should be interpreted in light of the study limitations. It is possible that hemodynamic changes induced by the MA or RA influenced our experimental results. In addition, the number of animals in each experimental group was small.
Conclusion
The fall in pHe that occurs with myocardial ischemia enhances conduction slowing induced by the concomitant rise in [K + ] e .
